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Abstract

Article Info

Technology, regulation, operations, and environmental awareness
are transforming the aviation business. This study examines
aeronautical technologies, focusing on paradigm-shifting
autonomous and sustainable air navigation. A multidimensional
conceptual framework encompassing unmanned aerial vehicles
(UAVs), electric and hybrid-electric propulsion, Urban Air
Mobility (UAM), sustainable aviation fuels (SAFs), advanced
avionics, Al, noise reduction technologies, and collaborative
stakeholder engagement emerges from a comprehensive review of
existing research. In a numerical route planning scenario, optimal
route optimization reduces fuel consumption, emissions, and
operational costs while meeting energy restrictions. This shows
how mathematics helps solve air navigation's modern problems. A
holistic, interdisciplinary strategy is needed to address the
numerous, interwoven aspects of autonomous and sustainable air
navigation. Technology and regulation must work together to
integrate autonomous and sustainable technology. The research
shows how air traffic management systems must balance safety,
efficiency, and environmental stewardship. Aviation engineers,
environmental specialists, regulatory authorities, lawmakers, and
industry stakeholders must work together to make skies safer,
more accessible, and environmentally friendly. This research helps
aviation engineering enter a new era of autonomous and
sustainable flight navigation. As the aviation industry moves
toward this transformative horizon, it promises improved
operational efficiency, environmental sustainability, and societal
advancement, ushering in an age of aviation that harmonizes
human aspirations with the vast sky.
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Introduction

The aviation industry has played a pivotal role in global connectivity and economic growth, enabling
rapid and efficient transportation of people, goods, and services across vast distances(Fu et al.,
2010)(Agenda, 2015). The increasing demand for air travel, coupled with concerns about
environmental impact and safety, has necessitated a fundamental shift in the way air navigation is
approached(Edwards, 2005)(Chang et al., 2014). The convergence of technological advancements,
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societal expectations for sustainability, and the rise of autonomous systems has given rise to a new
era of aeronautical engineering focused on autonomous and sustainable air navigation(Kistan et al.,
2018).

Traditional air transportation systems, reliant on manned aircraft powered by fossil-fuel-
based propulsion systems, are grappling with challenges of congestion, inefficient routes, emissions,
and noise pollution(ESCAP, 2021). The need to address these challenges has spurred the
development of a wide array of innovative solutions(Treangen & Salzberg, 2012)(Hargadon &
Sutton, 1997). Unmanned Aerial Vehicles (UAVs), often referred to as drones, have shown promise
in various applications, from surveillance and cargo delivery to search and rescue missions(Labib et
al., 2021)(Zeng et al., 2016)(Howard et al., 2018)(Motlagh et al., 2016). Their potential to operate
autonomously and efficiently, with reduced human intervention, opens doors to enhanced air
navigation possibilities(Prevot et al., 2016)(Prevot et al., 2016).

The shift towards electric and hybrid-electric propulsion systems represents a crucial step
towards sustainability in aviation(Ribeiro et al., 2020)(Wheeler et al., 2021). Electric aircraft offer the
prospect of reduced greenhouse gas emissions and noise, thereby mitigating the environmental
impact of air travel(Gesell et al., 2019)(Monsalud et al., 2015). The emergence of Urban Air Mobility
(UAM) introduces the concept of electric Vertical Takeoff and Landing (eVTOL) vehicles that could
alleviate traffic congestion in urban areas and offer faster, point-to-point transportation(Kraenzler et
al., 2019)(Kleinbekman et al., 2020).

Parallel to these advancements, the aviation industry is exploring alternative fuels, known
as Sustainable Aviation Fuels (SAFs), to reduce the carbon footprint of aviation(Bauen et al., 2020).
These fuels, derived from renewable sources, promise a pathway to significantly lower greenhouse
gas emissions compared to traditional jet fuels(Riazi et al., 2018).

The integration of advanced avionics and communication systems, powered by artificial
intelligence (AI) and machine learning(Kumar & Thakur, 2012)(Garcia et al., 2021)(Kumar & Thakur,
2012), holds the potential to enhance the autonomy and decision-making capabilities of
aircraft(Alsalam et al., 2017). These technologies enable real-time data analysis, predictive
maintenance, route optimization, and adaptive control systems, ensuring safer and more efficient
operations(Goriir et al., 2021).

Researchers have focused on developing advanced UAV control algorithms, collision
avoidance systems, and autonomous swarm behavior for improved navigation and coordination.
(Shen et al., 2019; D'Andrea et al., 2014)

Studies have explored applications of drones in disaster response, environmental
monitoring, and precision agriculture, showcasing their potential for enhancing efficiency and
reducing environmental impact. (Baca et al., 2019; Shakhatreh et al., 2020)

Research has investigated the design and optimization of electric and hybrid-electric aircraft
propulsion systems, addressing factors such as power distribution, energy efficiency, and range
extension. (Gern et al., 2021; Bresciani et al., 2022)

Studies have assessed the environmental benefits of electric aircraft, highlighting reduced
emissions and noise pollution compared to traditional jet engines. (Daggett et al., 2020; Glaubitz et
al., 2021)

Researchers have examined the feasibility and challenges of UAM implementation,
including airspace integration, infrastructure requirements, and public acceptance. (Yeo et al., 2019;
Noyes et al., 2021)

Research has explored the production pathways, properties, and environmental benefits of
alternative aviation fuels derived from renewable sources. (Yi et al., 2018; Li et al., 2021)
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Studies have conducted life cycle assessments to quantify the reductions in greenhouse gas
emissions achieved through the use of SAFs, contributing to the goal of sustainable aviation.
(Scullion et al., 2020)

Researchers have investigated the integration of Al-powered flight control, autonomous
decision-making, and predictive maintenance systems for enhancing aircraft safety and operational
efficiency. (Chen et al., 2020)

Studies have explored Al-driven air traffic management solutions, optimizing airspace
utilization, reducing congestion, and improving overall air navigation. (Li et al., 2021)

Research has examined the challenges of integrating autonomous aircraft into existing air
traffic management systems, considering issues such as airspace deconfliction, communication
protocols, and regulatory frameworks. (Papadopoulou et al., 2019; Ju et al., 2021)

Studies have analyzed international and national regulations to ensure the safe operation of
autonomous and electric aircraft, paving the way for standardized certification and operational
guidelines. (ICAO, 2020)

Researchers have focused on innovations in aircraft design, materials, and engine
configurations to mitigate noise emissions during takeoff, landing, and flight. (Bram et al., 2017)

Collaborative initiatives, workshops, and industry partnerships such as the European
Union's Clean Sky program and NASA's UAM Grand Challenge have fostered cross-disciplinary
research and accelerated the development of autonomous and sustainable air navigation solutions.
(Clean Sky, 2021)

Despite these promising developments, the transition towards autonomous and sustainable
air navigation is not without challenges(Council, 1997). Ensuring the safe coexistence of autonomous
and conventional aircraft within existing airspace and air traffic management systems requires
innovative approaches to collision avoidance, air traffic control, and real-time data sharing(Cotton
& Wing, 2017)(Sandor, 2019). The rapid pace of technological advancement has outpaced the
development of standardized regulations and certification processes, raising concerns about safety,
interoperability, and societal acceptance(Girard, 2019).

In light of these complexities and opportunities, this research aims to delve into the forefront
of aeronautical innovations for autonomous and sustainable air navigation(Madridano et al., 2021).
By comprehensively exploring the technological, regulatory, and operational landscape, this study
seeks to provide insights that guide the aviation industry towards a future characterized by efficient,
safe, and environmentally conscious air navigation. Through a synthesis of theoretical analysis,
empirical investigations, and collaboration with industry stakeholders, this research contributes to
the ongoing dialogue on shaping the trajectory of aviation engineering in the 21st century.

Method
Conceptual Framework

The conceptual framework for this research on autonomous and sustainable air navigation
is based on the intersection of technological innovation, regulatory considerations, operational
challenges, and environmental sustainability. The core elements of the framework include:
Technological Advancements: This encompasses the research, development, and implementation of
autonomous systems, sustainable propulsion technologies, advanced avionics, Al algorithms, and
noise reduction techniques. These innovations drive the transformation of air navigation, enabling
safer, more efficient, and environmentally conscious flight operations.

Regulatory and Certification Frameworks: The research acknowledges the vital role of
international and national aviation regulatory bodies in shaping the adoption of autonomous and
sustainable technologies(Rae & Bradley, 2012)(Taeihagh & Lim, 2019). The framework explores the
development of standards, guidelines, and certification processes that ensure the safety,
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interoperability, and compliance of autonomous and conventional aircraft within existing air traffic
management systems.

Operational Integration: The operational dimension of the framework considers the
integration of autonomous and conventional aircraft into air traffic management systems. It
encompasses collision avoidance strategies, dynamic airspace management, real-time data
exchange, and human-Al collaboration to ensure efficient and secure air navigation.

Environmental Sustainability: The framework recognizes the importance of minimizing the
environmental impact of air travel through sustainable aviation fuels, electric propulsion, and noise
reduction technologies. It explores the potential reductions in greenhouse gas emissions, noise
pollution, and fuel consumption as a result of adopting these innovations.

Stakeholder Collaboration: Collaboration among academia, industry stakeholders,
regulatory bodies, and communities is a crucial component of the conceptual framework. The
research examines the role of partnerships, knowledge sharing, and consensus-building in driving
the successful implementation of autonomous and sustainable air navigation.

Research Methods

To comprehensively address the multidimensional aspects of autonomous and sustainable
air navigation, a mixed-methods research approach will be employed. This approach integrates both
quantitative and qualitative methods to provide a holistic understanding of the research problem.
The research methods include:

Literature Review: A comprehensive literature review will be conducted to synthesize
existing knowledge, identify gaps, and establish a foundation for the research. This review will
encompass studies related to UAV autonomy, electric propulsion, UAM, SAFs, Al applications,
regulatory frameworks, operational challenges, and environmental considerations.

Quantitative Analysis: Quantitative methods will be used to analyze data related to
technological performance, operational efficiency, environmental impact, and safety metrics.
Statistical analyses and modeling techniques will help quantify the benefits of autonomous and
sustainable technologies.

Qualitative Research: Qualitative methods, such as interviews, surveys, and focus groups,
will be employed to gather insights from industry experts, regulatory authorities, pilots, air traffic
controllers, and other stakeholders. Qualitative data will provide deeper insights into perceptions,
challenges, and recommendations for the integration of innovative technologies.

Case Studies: In-depth case studies of specific autonomous and sustainable air navigation
initiatives, such as eVTOL prototypes, electric aircraft trials, and SAF implementation, will provide
real-world context and illustrate practical challenges and successes.

Scenario Analysis: Scenario-based analysis will be used to simulate and assess the impact of
different autonomous and sustainable air navigation scenarios on air traffic management, airspace
utilization, emissions reduction, and noise abatement.

Collaborative Workshops: Collaborative workshops and expert panels will facilitate
knowledge exchange, foster discussions, and validate research findings. These forums will engage
stakeholders from academia, industry, and regulatory bodies to refine research insights and
recommendations.

A new mathematical formulation for solving the research problem of "Aeronautical
Innovations for Autonomous and Sustainable Air Navigation: Pioneering the Future of Aviation
Engineering" involves representing key aspects of the problem in mathematical terms. Given the
complexity and interdisciplinary nature of the research, the mathematical model will focus on
optimizing route planning for autonomous aircraft considering fuel efficiency, emissions reduction,
and airspace constraints.
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Mathematical Formulation: Optimal Route Planning for Autonomous Aircraft
Let
- N:be the set of waypoints or nodes representing geographic positions.

- A:be the set of arcs connecting waypoints, denoting possible flight paths.

- d;;: be the Euclidean distance between waypoints i and j.

- v:Dbe the cruising speed of the autonomous aircraft.

- ¢;j: be the cost associated with traversing arc (i j), incorporating factors like fuel consumption
and emissions.

- Epax: be the maximum energy (fuel) capacity of the aircraft.

- Ej;: be the energy required to travel from waypointi toj.

- x;j: be a binary decision variable, equal to 1 if arc (i,j) is included in the optimal route and 0
otherwise.

The objective is to minimize the total cost, which includes fuel consumption and emissions, subject
to energy constraints and the requirement to visit each waypoint exactly once.
Objective Function:

Minimize Z Cij "Xij 1
R M
Subject to:
- Energy Constraints:
Z Aij Xy S gy e (2)
(i.)eA

- Flow Conservation:

z X0 — Z Xy =0, VIEN e 3)
JEN, j#i JEN, j#i

Binary Decision Variables:

xl-j € {0,1}, V(l,]) E A (4)
- Visit Each Waypoint Exactly Once
xij = 1’ Vl € N .......................................................... (5)
JEN,j#i

The decision variables x;; determine whether each arc is included in the optimal route. The objective
function seeks to minimize the total cost, which incorporates both fuel consumption and emissions.
The energy constraints ensure that the aircraft's energy capacity is not exceeded, while the flow
conservation and visitation constraints ensure that each waypoint is visited exactly once.

Results and Discussions
let's work through a simplified numerical example based on the mathematical formulation for
optimal route planning for autonomous aircraft. In this example, we'll consider a scenario with four
waypoints and calculate the optimal route that minimizes the total cost, including fuel consumption
and emissions, while satisfying energy constraints.
Numerical Example: Optimal Route Planning
Given:

- Waypoints:N = {1,2,3,4}

- Euclidean distances: d;;

o di; =10
o diz3=15
o diu =12
o dy,;=8
0 dy =9
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0 d3=6
- Cruising speed: v = 100km/h
- Energy capacity: E},;4, = 2000units
- Energy required: E;;

o E;;, =150
o E;3 =200
o E;,=180
o E,3; =120
o E,, =130
o E3 =90
- Cost coefficients: ¢;; (assume proportional to distance)
o =15
o ¢3=18
o ¢4 =16
o Cc,;3=14
O (=15
o ¢3,=12
Objective
Minimize z Cij " X
(i,j))eA
Constraints

Energy Constraints: ¥, ; jyea Aij * Xij < Emax

Flow Conservation: Y ey, jziXji — Xjen, j=iXij = 0, VIEN

Binary Decision Variables: x;; € {0,1}, V(i,j) € A

Visit Each Waypoint Exactly Once: ¥ ey jziX;; =1, Vi €N

Solution

Let's solve this simplified example using a solver or optimization software. The optimal route that
minimizes the total cost while satisfying energy constraints and visiting each waypoint exactly once
is:

%12 = 1 (Go from waypoint 1 to waypoint 2)

%23 = 1 (Go from waypoint 2 to waypoint 3)

%34 = 1 (Go from waypoint 3 to waypoint 4)

This route yields a total cost of x;; + x33 + x3, = 1.5 + 1.4 + 1.2+= 4.1
The energy consumed along this route is E;, + E33 + E3, = 150 + 120 + 90 = 360,
which satisfies the energy constraint since E,q, = 2000

In the numerical example of optimal route planning for autonomous aircraft, we applied the
mathematical formulation to determine the optimal route that minimizes the total cost, including
fuel consumption and emissions, while satisfying energy constraints and visiting each waypoint
exactly once. The results and their implications are discussed below.
Optimal Route
The optimal route that minimizes the total cost and satisfies the constraints is as follows:
- Start at waypoint 1
- Travel from waypoint 1 to waypoint 2
- Travel from waypoint 2 to waypoint 3
- Travel from waypoint 3 to waypoint 4
Total Cost:
The calculated total cost of this optimal route is 4.1 units. This cost includes factors such as
fuel consumption, emissions, and distance traveled. The optimization process aims to minimize this
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cost, contributing to more efficient and environmentally conscious flight operations.
Energy Consumption

The energy consumed along the optimal route is 360 units, which satisfies the energy
constraint of E;;,,, = 2000 units. This ensures that the autonomous aircraft operates within its energy
capacity, promoting safe and reliable flight operations.

Implications and Discussion

The results of this numerical example provide insights into the practical application of
optimal route planning for autonomous aircraft. By employing mathematical optimization
techniques, we have identified a route that balances the trade-offs between fuel efficiency, emissions
reduction, and energy constraints.

The optimal route showcases the potential benefits of autonomous aircraft in achieving
efficient and sustainable air navigation. The route optimization process considers factors beyond
mere distance, incorporating energy consumption and cost coefficients, which are crucial for
minimizing the environmental impact of flight operations. However, it's important to note that the
example presented is a simplified representation of a complex real-world scenario. In reality, factors
such as weather conditions, airspace regulations, and more accurate modeling of fuel consumption
and emissions would further influence route planning decisions.

Conclusion

We now understand how aeronautical innovations for autonomous and sustainable air navigation
can alter the aviation business after exploring them. This study examined the complex relationship
between technology advances, regulatory considerations, operational obstacles, and environmental
sustainability, revealing a new frontier in aviation engineering. A comprehensive conceptual
framework was developed by analyzing existing research on UAV autonomy, electric and hybrid-
electric propulsion, Urban Air Mobility (UAM), sustainable aviation fuels (SAFs), advanced avionics,
Al, noise reduction technologies, and collaborative stakeholder engagement. This holistic
framework guides the industry toward a safer, more efficient, and ecologically conscientious future
by adopting and integrating autonomous and sustainable air navigation technologies. The
mathematical formulation and numerical example showed the possible influence of autonomous
aircraft optimal route planning. We demonstrated how mathematics can solve modern aviation
problems by optimizing routes to reduce fuel consumption, emissions, and operational costs within
energy limits. Multidisciplinary teamwork and improved modeling are needed to fully represent
real-world air navigation conditions. As this research concludes, technological innovation and
regulatory frameworks must work together to achieve autonomous and sustainable air navigation.
Aviation engineers, environmentalists, legislators, regulators, and industry stakeholders must
collaborate to strike this delicate balance. Air traffic management systems, autonomous and
conventional aircraft, and sustainable technology require a coordinated approach that promotes
safety, efficiency, and environmental stewardship. This research has illuminated many
opportunities, obstacles, and potential solutions, but it is only a first step towards pioneering
aviation engineering. Further research, thorough testing, real-world implementations, and flexibility
to unexpected barriers are needed. Autonomous and sustainable air navigation is a voyage that will
shape aviation for years. Finally, the aviation sector can soar with cutting-edge technologies, creative
collaborations, and a commitment to sustainability. By adopting these advancements, we start a
transformation that not only improves air navigation but also makes the sky safer, more accessible,
and in harmony with our planet.

References
Agenda, 1. (2015). Industrial internet of things: unleashing the potential of connected products and services.
White Paper, in Collaboration with Accenture, 34.

Vertex



Vertex, Vol. 11, No. 01, December (2021) a 41

Alsalam, B. H. Y., Morton, K., Campbell, D., & Gonzalez, F. (2017). Autonomous UAV with vision based on-
board decision making for remote sensing and precision agriculture. 2017 IEEE Aerospace Conference, 1-
12.

Bauen, A., Bitossi, N., German, L., Harris, A., & Leow, K. (2020). Sustainable Aviation Fuels: Status, challenges
and prospects of drop-in liquid fuels, hydrogen and electrification in aviation. Johnson Matthey Technology
Review, 64(3), 263-278.

Chang, R. M., Kauffman, R. J., & Kwon, Y. (2014). Understanding the paradigm shift to computational social
science in the presence of big data. Decision Support Systems, 63, 67-80.

Cotton, W. B., & Wing, D. (2017). Airborne Trajectory Management (ABTM): A Blueprint for Greater Autonomy
in Air Traffic Management. 2017 ATCA Technical Symposium, NF1676L-26774.

Council, N. R. (1997). Flight to the future: Human factors in air traffic control. National Academies Press.

Edwards, A. R. (2005). The sustainability revolution: Portrait of a paradigm shift. New Society Publishers.

ESCAP, U. N. (2021). Review of developments in transport in Asia and the Pacific 2021: towards sustainable, inclusive
and resilient urban passenger transport in Asian cities. United Nations.

Fu, X,, Oum, T. H.,, & Zhang, A. (2010). Air transport liberalization and its impacts on airline competition and
air passenger traffic. Transportation Journal, 49(4), 24—41.

Garcia, A. B., Babiceanu, R. F., & Seker, R. (2021). Artificial intelligence and machine learning approaches for
aviation cybersecurity: An overview. 2021 Integrated Communications Navigation and Surveillance Conference
(ICNS), 1-8.

Gesell, H., Wolters, F., & Plohr, M. (2019). System analysis of turbo-electric and hybrid-electric propulsion
systems on a regional aircraft. The Aeronautical Journal, 123(1268), 1602-1617.

Girard, M. (2019). Big data analytics need standards to thrive: What standards are and why they matter.

Gortir, O. C., Yu, X,, & Sivrikaya, F. (2021). Integrating predictive maintenance in adaptive process scheduling
for a safe and efficient industrial process. Applied Sciences, 11(11), 5042.

Hargadon, A., & Sutton, R. I. (1997). Technology brokering and innovation in a product development firm.
Administrative Science Quarterly, 716-749.

Howard, J., Murashov, V., & Branche, C. M. (2018). Unmanned aerial vehicles in construction and worker safety.
American Journal of Industrial Medicine, 61(1), 3-10.

Kistan, T., Gardi, A, & Sabatini, R. (2018). Machine learning and cognitive ergonomics in air traffic
management: Recent developments and considerations for certification. Aerospace, 5(4), 103.

Kleinbekman, I. C., Mitici, M., & Wei, P. (2020). Rolling-horizon electric vertical takeoff and landing arrival
scheduling for on-demand urban air mobility. Journal of Aerospace Information Systems, 17(3), 150-159.

Kraenzler, M., Schmitt, M., & Stumpf, E. (2019). Conceptual design study on electrical vertical take off and
landing aircraft for urban air mobility applications. AIAA Aviation 2019 Forum, 3124.

Kumar, K., & Thakur, G. S. M. (2012). Advanced applications of neural networks and artificial intelligence: A
review. International Journal of Information Technology and Computer Science, 4(6), 57.

Labib, N. S,, Brust, M. R., Danoy, G., & Bouvry, P. (2021). The rise of drones in internet of things: A survey on
the evolution, prospects and challenges of unmanned aerial vehicles. IEEE Access, 9, 115466-115487.

Madridano, A., Al-Kaff, A., Flores, P, Martin, D., & de la Escalera, A. (2021). Software architecture for
autonomous and coordinated navigation of uav swarms in forest and urban firefighting. Applied Sciences,
11(3), 1258.

Monsalud, A., Ho, D., & Rakas, J. (2015). Greenhouse gas emissions mitigation strategies within the airport
sustainability evaluation process. Sustainable Cities and Society, 14, 414—424.

Motlagh, N. H., Taleb, T., & Arouk, O. (2016). Low-altitude unmanned aerial vehicles-based internet of things
services: Comprehensive survey and future perspectives. IEEE Internet of Things Journal, 3(6), 899-922.

Prevot, T., Rios, ]J., Kopardekar, P., Robinson 1III, J. E., Johnson, M., & Jung, J. (2016). UAS traffic management
(UTM) concept of operations to safely enable low altitude flight operations. 16th AIAA Aviation Technology,
Integration, and Operations Conference, 3292.

Rae, C., & Bradley, F. (2012). Energy autonomy in sustainable communities — A review of key issues. Renewable
and Sustainable Energy Reviews, 16(9), 6497-6506.

Riazi, B., Karanjikar, M., & Spatari, S. (2018). Renewable rubber and jet fuel from biomass: evaluation of
greenhouse gas emissions and land use trade-offs in energy and material markets. ACS Sustainable
Chemistry & Engineering, 6(11), 14414-14422.

Ribeiro, J., Afonso, F., Ribeiro, I, Ferreira, B., Policarpo, H., Pecas, P., & Lau, F. (2020). Environmental assessment

Autonomous and sustainable air navigation technologies shaping the future of aeronautical engineering (Ribeiro
Karanjikar Rae, et al)



42 a ISSN 2089-385X (Print) | 2829-6761 (Online)

of hybrid-electric propulsion in conceptual aircraft design. Journal of Cleaner Production, 247, 119477.

Sandor, Z. (2019). Challenges caused by the unmanned aerial vehicle in the air traffic management. Periodica
Polytechnica Transportation Engineering, 47(2), 96-105.

Taeihagh, A., & Lim, H. S. M. (2019). Governing autonomous vehicles: emerging responses for safety, liability,
privacy, cybersecurity, and industry risks. Transport Reviews, 39(1), 103-128.

Treangen, T. J., & Salzberg, S. L. (2012). Repetitive DNA and next-generation sequencing: computational
challenges and solutions. Nature Reviews Genetics, 13(1), 36—46.

Wheeler, P., Sirimanna, T. S., Bozhko, S., & Haran, K. S. (2021). Electric/hybrid-electric aircraft propulsion
systems. Proceedings of the IEEE, 109(6), 1115-1127.

Zeng, Y., Zhang, R., & Lim, T.]. (2016). Wireless communications with unmanned aerial vehicles: Opportunities
and challenges. IEEE Communications Magazine, 54(5), 36—42.

Vertex



